Fast oxygen ion conductors represent important technological materials due to their use in the field of solid state ionics and in particular as electrolytes in solid oxide fuel cells (SOFC) 1 . Currently the most commonly used materials are those based on ZrO 2 oxide, usually stabilized in its highly conducting cubic form by aliovalent doping such as with Y 2 O 3 2,3 .
However, the use of yttria-stabilized zirconia (YSZ) is limited by its low oxygen mobility below 1000°C. As a consequence, the need for new materials with analogous conductivities,
i.e. in the range of 10 -1 Scm -1 , at lower temperatures (600-700°C) is highly desirable in order to make them technologically useful. A strong contribution in this respect has been recently given by the discovery of a new oxygen ion conductor material of formula La 2 Mo 2 O 9 , also known as LAMOX 4 .
This compound exhibits a first order phase transition from the non-conductive monoclinic phase (α) to the highly-conductive cubic phase (β) at around 580°C 4 with the latter phase having a ionic conductivity of 6×10 -2 Scm -1 at 800°C. The structure of the low temperature phase was not solved at the time of the LAMOX discovery due to its great complexity and was only solved by I.R. Evans et al in 2005 5 . This resulted in one of the most complex oxide structures reported up to now with 312 crystallographically independent atoms. Based on the atoms arrangement in the α-form it was proposed that the structure of the β-phase corresponds to a time average version of the room-temperature monoclinic structure 5 .
The structure of the cubic form was proposed in 2000 by Lacorre 6 and then revised in 2001 by the same Authors 7 . This was determined by means of neutron diffraction and led the Authors to propose a model where two of the three available oxygen sites (O2 and O3) are partially occupied and characterized by huge atomic displacement parameters (up to BB eq~2 0 Å for the O3 site). The presence of a strong modulation in the neutron diffraction patterns of the conducting β-phase of LAMOX led to the conclusion that a strong static disorder of oxygen atoms occurred in this phase which was considered to be the source of the oxygen high mobility. However the use of a probe of the average structure like neutron diffraction in presence of a significant diffuse scattering will not reveal all the details of this complex compound leading to a loss of structural details which may be of great importance to understand the underlying conduction mechanism.
In order to get further insight into the structural features of the La 2 Mo 2 O 9 α-and β-phases, test the available models for both, and try to better understand the correlation between the monoclinic and cubic polymorphs, we looked at both the short and long range order in this compound. This was accomplished by means of the atomic pair distribution function analysis (PDF) of time-of-flight neutron data collected on the α-phase (at 500°C) and β-phase (at 600°C) of LAMOX. The power of the PDF analysis in obtaining information on the short range order in complex materials is well proved 8, 9 . The strength of the technique comes from the fact that it takes all the components of the diffraction data (Bragg peaks and diffuse scattering) into account and thus reveals both the longer range atomic order and the local deviations from it. In particular, due to the significant diffuse scattering found in the LAMOX neutron patterns, we expect that a PDF analysis could help in getting a more complete picture of its structural characteristics. In the inset of Figure 1 we show a very small part of the neutron patterns in order to highlight the differences in the crystal structure between the two samples. As can be seen, the monoclinic sample (lower part) presents several splittings of the analogous single-peaks in the pattern of the cubic sample (upper part) and, in addition, it is characterized by the presence of several very low-intensity superstructure peaks which are absent in the data at 600°C. Finally, 4 in the pattern of the cubic sample (main Figure) we underlined with a red curve the peculiar undulation of the diffuse background which is peaked at around 3 Å -1 . This has been previously connected to the presence of short range order in the oxygen sub-lattice for distances around 2.5 Å 6,7 , namely around the shortest O-O distance. We remark that in all the previous structural studies carried out on the LAMOX compound the information contained in the diffuse scattering was totally neglected being this peculiar background simply fitted and subtracted from the ND patterns.
From the experimental data presented above we extracted the PDFs of the monoclinic (500°C) and cubic (600°C) LAMOX through the procedure described in the Methods Section. This result implies that the local structure of the two polymorphs of LAMOX is the same, as opposed to the average structures, which are markedly different (see Figure 1 ). Panel B
indicates the expected change to the PDF if the local structure really changed from the monoclinic to the cubic phases. The two curves in Fig. 2B were calculated from the monoclinic 5,10 and cubic 6 models with all parameters the same except for the cell parameters and atomic positions. This is provided to help develop an intuitive feeling about how large the changes in the PDF would be at this phase transition if the two phases were fully ordered.
Clearly, the observed changes are much smaller than the predicted.
Moreover, the use of physically reasonable thermal factors, taken from the monoclinic model, to calculate the PDF of the cubic structure leads to very sharp peaks in the PDF in contrast to the peak shape of the experimental PDF. This result is the first indication that the static disorder of the monoclinic structure, which is represented by the 216 oxygen atoms possessing different and unique atomic positions, is in a sense replaced in the cubic phase by a distribution of the oxygen ions which is locally the same as in the monoclinic phase but no longer long-range ordered. The loss of long-range order would allow the structure to become dynamic, consistent with increased ionic conductivity though our current diffraction data do not separate the static and dynamic components explicitly. Finally, on panel C we show the result of a fit of cubic LAMOX carried out using the cubic model 7 . One of the peculiarities of this model is the presence of large atomic displacement parameters (U), particularly for the O2 (U equiv =0.085 Å 2 ) and O3 (U equiv =0.233 Å 2 ) sites. In order to "test" the cubic model against the experimental cubic sample in the same way as before for the monoclinic model, we refined the same parameters used in the previous fits, i.e., the scale factor, the lattice constant and the dynamic correlation factor. From the results plotted in Figure 3C , it is clear that the cubic model described in the current literature is inappropriate for describing the experimental PDF of the cubic LAMOX, particularly for r<10 Å. The R wp has now increased to 38.4%.
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The inclusion of the atomic positions and atomic displacement parameters as variables in the fit of the cubic model to the 600°C data leads to a much better agreement between the experimental and calculated cubic LAMOX (R wp 20.0%), as it is shown in Figure 4 . The final structural parameters obtained from this fit are reported in Table 1 and compared to those determined from a Rietveld refinement of the same sample, which agree with the available structural description of the cubic polymorph of LAMOX. As can be appreciated there are several significant differences between the two data sets, particularly for the Mo coordinate, The results presented so far have shown that the average structures for the LAMOX compound at 500°C and at 600°C are different and, in particular, monoclinic at the first temperature and cubic at the second. However, a striking feature of the PDFs of the two phases is that by crossing the phase transition the local structure does not substantially changes, as exemplarily shown in Figure 2 , panel A. These results strongly support a scenario in which the structural phase transition from the α to the β-phase is a transition from a longrange ordered to a, presumably dynamic, short-range ordered distribution of the oxygen defects while preserving the monoclinic local structure. In particular, the monoclinic phase is not used in the traditional Rietveld refinement of the neutron diffraction patterns the only way to deal with the oxygen sub-lattice is by introducing large values of the atomic displacement parameters for the oxygen ions, as done in the available models describing the cubic structure by means of ND 6, 7 . The consequence on the calculated PDF of this huge thermal factors is a smearing of the oxygen atom density leading to a poor description of the local structure (see Figure 3 , panel C).
The power of the PDF analysis, which makes use of the total scattering function, is nicely probed in the present case. The PDFs of LAMOX at 500°C and 600°C are substantially identical showing that on the local scale the structure, in both cases, is monoclinic. The use of the cubic model to refine data at 600°C has been proved to be possible (see Fig. 4 ) but, even in the case of a real-space refinement including all the scattering components, the final result is a cubic structure where the large atomic displacement parameters compensate for the dynamic distribution of the atoms and the inability to precisely define their distribution.
However, it is clear by comparing Figure 3 The main result presented so far, i.e. the equivalence of the local structure in the monoclinic and cubic phase, is of great importance since it demonstrates that what is usually considered as a "disordered oxygen distribution" has actually a well defined local structure which is the same as in the monoclinic phase but dynamic. As has been suggested by Evans and co-workers, the structure of the oxide ion conducting phase corresponds to a timeaveraged version of the monoclinic phase polyhedron with a well defined coordination which is changing with time.
In conclusion, we have provided the first application of the atomic-pair distribution function analysis to the study of an oxygen fast-oxide ion conductor of actual interest in the SOFC community. Our results have shown that a clear and reliable description of the local atom arrangement in LAMOX structure can be only achieved through the application of a local probe such as the PDF. This allowed us to directly determine that the transition from the monoclinic to the cubic phase of LAMOX is a transition from a static to a dynamic distribution of the oxygen defects while preserving the monoclinic local structure. The application of the PDF analysis to the solid state ionics materials can allow a more detailed description of their local structure, particularly in the highly conductive phases, and leads to a better comprehension of the structure-property correlation, which is the starting point for the design of new and optimized functional materials.
Experimental
La 2 Mo 2 O 9 has been prepared by conventional solid state reaction by mixing stoichiometric amounts of high purity La 2 O 3 and MoO 3 powders (Aldrich > 99.9 %) into ethanol in an agate mortar, compressed and then heated at 500°C for 24 hours, then at 700°C for others 24 hours and finally at 900°C for 60 hours, during which the sample has been re-ground twice. Phase purity was checked by means of room temperature x-ray powder diffraction (XRPD) patterns acquired with a Bruker D8 Advance diffractometer.
Neutron powder diffraction measurements were carried out on the NPDF 14 diffractometer at the Lujan Center at Los Alamos National Laboratory. 10g of LAMOX powder sample was packed in a cylindrical vanadium tube and measured from 300 to 750K. Data were processed to obtain the PDFs using PDFgetN 13 and the structural modelling was carried out using the program PDFFIT2 11 .
11 scale factor, dynamic correlation factor and lattice constants. and black lines represent, respectively, the calculated PDF, the experimental PDF and the difference curve in all the three panels). The fit was carried out in the same way as those shown in Fig. 3 , but the atomic positions and atomic displacement parameters were allowed to vary. Comparison between the experimental PDFs of LAMOX at 500°C (blue line) and 600°C (red line) and their difference (black line).
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